While the AP-1 (activator protein-1) genes c-fos and c-jun have been implicated in the expression of myometrial genes associated with the onset of labor, there are no data concerning the role of other members of this family of transcription factors. To address this issue, we defined the expression and hormonal regulation of AP-1 genes in the rat myometrium during pregnancy and labor. Tissue was collected on Days 12, 15, 17, 19, 21, 22, and 23 (labor) and 1 day postpartum. Expression of cfos, fosB, fra-1, fra-2, and junB was low during early gestation, with a 5-to 10-fold increase on Day 23 during labor, and returned to low levels 1 day postpartum. In contrast, the levels of c-jun and junD remained relatively constant throughout gestation. Administration of progesterone (P 4 ; 16 mg/kg s.c./day) beginning on Day 20 (to maintain elevated plasma P 4 levels) prevented the onset of labor and blocked the expected rise in cfos, fosB, fra-1, fra-2, and junB expression on Day 23. In contrast, administration of the progesterone receptor antagonist RU486 (10 mg/kg s.c.) on Day 19 induced preterm labor and a premature increase in mRNA levels of c-fos, fra-1, fra-2, and junB. In unilaterally pregnant rats, stretch imposed by the growing fetus was found to increase the expression of c-fos, fosB, fra-1, fra-2, and junB only in the gravid horn on the day of labor. These data raise the possibility that AP-1 transcription factors integrate endocrine and mechanical signals, leading to myometrial gene expression required for uterine remodeling and the initiation of labor.
INTRODUCTION
Activator protein-1 (AP-1) family members are immediate early genes that belong to the basic leucine zipper family of transcription factors. Members of the AP-1 family (c-Jun, JunB, JunD, c-Fos, FRA-1, FRA-2, and FosB) bind to the AP-1 site (TGA G / C TCA) as either homodimers of Jun family proteins or heterodimers of Fos and Jun family proteins but not as homodimers of Fos family proteins (reviewed in [1] ). The dimer formed by the interaction of a Fos and Jun protein is more stable than a Jun/Jun dimer, leading to higher transcriptional activation [2, 3] . Furthermore, the degree of DNA binding and transcriptional acti- vation is dependent on the specific partners that make up the dimer complex; thus, differential expression of AP-1 proteins has been suggested as a major mechanism of AP-1 specificity [4] . Previously, we have shown that the mRNA levels of c-jun remained constant throughout gestation while those of c-fos increased prior to the onset of labor in the rat myometrium, indicating these transcription factors have an important role in the onset of labor [5] .
During late pregnancy, there are important structural changes in the uterus, including extracellular matrix deposition, cellular remodeling, and myometrial cell growth (reviewed in [6] ). Interestingly, laminin, collagen, elastin, and fibronectin, which make up the basement membrane, contain AP-1 sites in their promoter regions and may therefore be regulated by AP-1 proteins [7] [8] [9] [10] . In addition, extracellular matrix remodeling enzymes, such as matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs), contain AP-1 sites within their promoter regions (reviewed in [11] [12] [13] ). Prior to the onset of labor, the myometrium changes from a quiescent state to a highly excitable state that is capable of producing strong coordinated contractions. These changes in contractile capability are brought about by an increase in the expression of a cassette of genes, termed contraction-associated proteins (CAPs), which include the gap junction connexin 43 (Cx43), the oxytocin receptor (OTR) and the prostaglandin F 2␣ receptor (FP; reviewed in [14] ). Both the Cx43 and OTR promoters contain consensus AP-1 sites, which mediate responsiveness to the phorbol ester TPA (12-O-tetradecanoylphorbol-13-acetate) in myometrial cells and MCF7 cells, respectively, while the rat FP promoter does not contain any consensus AP-1 sites [15] [16] [17] . Since the promoter regions of many structural and remodeling genes as well as specific CAP genes contain AP-1 sites, it is possible that AP-1 transcription factors are involved in modulating the expression of genes involved in both uterine remodeling during pregnancy and the onset of labor.
Previous studies in both pregnant and nonpregnant rats have suggested a correlation between the induction of AP-1 and CAP genes. In nonpregnant myometrium, estrogen treatment has been shown to induce the expression of cfos, c-jun, junD, and junB [18, 19] . In similar studies, the levels of Cx43, OTR, and FP mRNA were increased by estrogen treatment of nonpregnant animals [20] [21] [22] . This induction of Cx43 was preceded by the induction of c-fos mRNA and was inhibited by cyclohexamide, indicating the requirement for de novo protein synthesis and potentially c-Fos protein [5] . In pregnant animals, the increase in CAP gene expression has been correlated with an increase in the maternal estrogen:progesterone ratio (reviewed in [14] ). Furthermore, the induction of c-fos, Cx43, OTR, and FP mRNA is inhibited by progesterone treatment, which also delays the onset of labor [5, 23, 24] . In addition to hormonal signals, c-fos and c-jun mRNA levels have been shown to increase in response to mechanical stretch in smooth muscle cells (reviewed in [25] ). In unilaterally pregnant rats, mechanical stretch of the empty horn, by insertion of a tube, caused a dramatic increase in the expression of Cx43 and OTR, while the levels of FP were unaffected [23, 24, 26] . Thus, AP-1 proteins may be capable of transducing both the hormonal and mechanical signals involved in the expression of CAP genes, which contain AP-1 sites in their promoter regions.
Our previous data have suggested a role for c-Jun and c-Fos during pregnancy in the induction of Cx43 and the onset of labor [5] . However, since other AP-1 proteins have been shown to respond to estrogen treatment in non-pregnant myometrium, we hypothesize that several AP-1 family members have a role in the onset of labor both in the regulation of CAP genes which contain AP-1 sites in their promoter regions and genes required for myometrial remodeling. These transcription factors may serve as master control genes in the preparation of the myometrium for the process of labor. In this study we used a rat model to investigate myometrial mRNA levels of AP-1 transcription factors during normal, progesterone delayed and RU486-induced preterm labor. In addition, we investigated the effect of gravidity on the expression of AP-1 transcription factors using a unilateral tubal-ligation model.
MATERIALS AND METHODS

Animal Protocols
Female virgin Wistar rats (Charles River Co., St. Constant, PQ, Canada) were mated with male Wistar rats. Day 1 of gestation was designated as the day a vaginal plug was observed. Female rats were then housed individually under standard environmental conditions (12L:12D cycle) and given Purina Rat Chow (Ralston Purina, St. Louis, MO) and water ad libitum. Under these conditions, the time of delivery was during the morning of Day 23. Animals were designated as being in labor when at least 1 pup was delivered. All animal experiments were approved by the institutional animal care committee.
Gestational profile. In order to determine the temporal changes in the mRNA levels of the AP-1 gene family members throughout gestation, myometrial samples were collected from pregnant rats on Gestational Days 12, 15, 17, 19, 21, 22 , and 23 or 1 day postpartum (1PP). Tissue was collected at 1000 h on all days with the following exceptions: on Day 22, an additional sample (d22pm) was collected at 2300 h; on Day 23, a ''not in labor'' (d23NIL) sample was collected at 0600 h; while the labor (d23L) sample was collected once the animals had delivered at least 1 pup (n ϭ 3).
Progesterone-delayed labor. In order to observe the effect of delaying labor by maintaining high levels of progesterone, pregnant rats were randomly assigned daily s.c. RU486-induced preterm labor. Pregnant rats were randomly assigned for treatment on Day 19 with either RU486 (10 mg/kg s.c. at 1000 h in 0.5 ml corn oil containing 10% ethyl alcohol, mifepristone; 17␤-hydroxy-11␤-[4-dimethylaminophenylЈ-17-[1-propynylЈ-estra-4,10-dien-3-1; Sigma) or vehicle. Myometrial samples were collected from both groups of animals on Day 20 when the RU486 treated animals had delivered at least 1 pup (n ϭ 4).
Unilaterally pregnant rats. Virgin female rats were subjected to unilateral tubal ligation as described in Ou et al. [23] . Animals were allowed to recover from surgery for at least 5 days before mating. After mating, myometrial samples were collected on Days 15, 17, 19, 21, 22, 23 , or 1PP (n ϭ 3). At the time of tissue collection, the ligated empty horn was separated from the gravid horn.
Tissue Collection
Animals were killed by asphyxiation in carbon dioxide gas. Uterine horns were removed, bisected longitudinally, dissected away from both pups and placentas, and placed in ice-cold phosphate-buffered saline (PBS). The endometrium was separated from the myometrial tissue by mechanical scraping on ice, which we have previously shown removes the entire luminal epithelium and the majority of the uterine stroma [5] . The tissue was then flash frozen in liquid nitrogen and stored at Ϫ70ЊC.
Complementary DNA Probes
The cDNA probes were obtained from the ATCC (American Type Culture Collection) for c-jun (63026), junD (95654), and fosB (63118). The following probes were provided by other research labs: rat c-fos cDNA (Dr. Curran, Roche Research Center, Nutley, NJ), mouse junB (Dr. Woodgett, Ontario Cancer Institute, Toronto, ON, Canada), and 18s ribo- somal protein (Dr. Denhardt, Rutgers University, Piscataway, NJ). Probes for rat fra-1 (GenBank M19651) and fra-2 (GenBank U18913) were generated by PCR using the following primers: fra-1 upper, 5Ј-CCAGCA-AGCGCAGACACAGAC-3Ј; fra-1 lower, 5Ј-CGGAGGAGGGGTCAC-CACTG-3Ј; fra-2 upper, 5Ј-ATCCCGGGAACTTTGACACCT-3Ј; fra-2 lower, 5Ј-GGCTCTTCCCCGTAGAAACCA-3Ј.
Northern Analysis
Frozen tissue was crushed under liquid nitrogen using a mortar and pestle. Crushed tissue was homogenized for 1 min in Trizol (Gibco BRL, Grand Island, NY), and RNA was extracted according to the manufacturer's specifications. Purified RNA (10 g) was then analyzed by Northern analysis. RNA was separated on 1% (wt:vol) agarose (Gibco BRL) gel containing 3.7% (vol:vol) formaldehyde (J.T. Baker, Phillipsburg, NJ) in MOPS (3-[N-morpholino]propanesulfonic acid; Sigma), transferred in 0.1 M sodium phosphate (NaP; Sigma) onto a nylon membrane (GeneScreen; DuPont, NEN Research Products, Boston, MA), and cross-linked by ultraviolet irradiation. The cDNA probes were labeled with [␣-32 P]dCTP (NEN Research Products) using the multiprime DNA labeling system. Hybridization was conducted at 55ЊC in 30% formamide for 20 h according to the method described in Bio-Rad bulletin 1110 (Bio-Rad Laboratories, Richmond, CA). Subsequently, the membrane was washed to a final stringency of 30 mM NaP/0.1% SDS (EM Science, Darmstadt, Germany). All RNA isolation and analysis was carried out in DEPC (diethyl pyrocarbonate; Sigma) water. Probed membranes were exposed to x-ray film (Kodak XAR; Eastman Kodak, Rochester, NY) with an intensifying screen at Ϫ70ЊC and were analyzed by densitometry.
Statistical Analysis
Gestational profiles were subjected to a one-way ANOVA followed by pairwise multiple comparison procedures (Student-Newman-Keuls method) to determine differences between groups. Progesterone (Days 21, 22, and 23) and tubal-ligation data were analyzed by two-way ANOVA followed by pairwise multiple comparison procedures as described above. The Day 24 progesterone-treated group was compared with the Day 23 vehicle group using a t-test. RU486 results were compared with vehicle using a t-test. Where required, the data were transformed by the appropriate method to obtain a normal distribution. Statistical analysis was carried out using SigmaStat version 1.01 (Jandel Corp., San Rafael, CA) with the level of significance for comparison set at P Ͻ 0.05.
RESULTS
The cDNA probes used for northern analysis hybridized to transcripts of the appropriate sizes for all fos and jun genes. Major signals for the fos family were detected at 2.2 kilobases (kb) (c-fos), 4.2 kb (fosB), 1.6 kb (fra-1), and 6.2 kb (fra-2). The c-jun probe detected a major signal at 2.7 kb and a weaker signal at 3.2 kb, while the junD and junB probes detected signals at 1.7 and 2.1 kb, respectively. The 18s band was detected at 1.8 kb.
Gestational Analysis
Myometrial tissue was collected on Gestational Days 12, 15, 17, 19, 21, 22 (morning and night), 23NIL (not in labor), 23L (in labor), and 1 day postpartum (1PP) for Northern analysis of fos and jun transcripts. Myometrial levels of c-fos, fosB, and fra-1 mRNA remained low throughout most of gestation but showed a dramatic increase during labor on Day 23 and a subsequent reduction on 1PP (Fig.  1) . Densitometric analysis revealed that this 8-to 10-fold increase was statistically different from all other gestational days (P Ͻ 0.001). The levels of fra-2 mRNA began to increase during late gestation, with a significant difference detected on Day 21 (P Ͻ 0.05), a further increase detected on Day 23L (P Ͻ 0.001), and a decrease in mRNA levels on 1PP.
Northern analysis revealed myometrial levels of c-jun and junD mRNA remained relatively constant throughout gestation while the levels of junB mRNA increased dramatically on Day 23 and returned to low levels by 1PP (Fig. 2) . Densitometric analysis revealed that the 4-fold increase in junB mRNA observed on Day 23 during labor was significantly different from the levels on all other gestational days (P Ͻ 0.001). In contrast, the levels of c-jun mRNA remained relatively constant throughout gestation; there was, however, a small but significant increase detected on Day 23 during labor compared with the Day 12 levels but not compared with other gestational days (P Ͻ 0.05). Similarly, the levels of junD remained relatively constant throughout gestation, though with a significant reduction detected prior to the onset of labor (P Ͻ 0.05). 
Progesterone-Delayed Labor
Pregnant rats were treated starting on Day 20 with daily injections of progesterone. This treatment prevents the onset of labor and has been shown to block the increase in myometrial CAP gene expression [5, 23, 24] . This treatment also prevented the increase in expression of c-fos, fosB, fra-1, and fra-2 mRNA (Fig. 3) . Progesterone treatment caused dramatic reductions in the levels of c-fos and fra-1 on both Days 23 and 24 compared with the vehicle sample on Day 23, which was a laboring sample. The levels of fosB were significantly reduced on Day 23 compared with vehicle. The levels of fra-2, which begin to rise earlier in normal gestation, were inhibited by progesterone treatment on Days 22, 23, and 24. In contrast, the levels of junD (which do not change dramatically throughout gestation) were unaffected by progesterone treatment (Fig. 4) . The levels of c-jun were slightly reduced by progesterone treatment on Days 23 and 24, while the levels of junB were dramatically and significantly reduced on Days 23 and 24 (P Ͻ 0.001).
RU486-Induced Preterm Labor
Treatment of pregnant rats with the progesterone receptor antagonist RU486 on Day 19 caused the onset of preterm labor within 24 h and has been shown to induce the expression of CAP genes [5, 23, 24] . Northern analysis revealed that c-fos, fra-1, and fra-2 mRNA levels were significantly induced by RU486 treatment (Fig. 5) . In contrast, fosB mRNA expression showed a trend toward an increase but did not reach significance. RU486 treatment did not significantly affect the levels of c-jun mRNA, while the levels of junD were slightly increased (Fig. 6) . In contrast, the levels of junB were dramatically increased by RU486 treatment and the onset of preterm labor (P Ͻ 0.001).
Unilaterally Pregnant Rats
We have previously shown that increased expression of the CAP genes Cx43 and OTR during labor occurs only in the gravid horn of unilaterally pregnant rats [23, 24, 26] . Based on other experiments, we have interpreted these data as demonstrating a role for stretch in inducing CAP gene expression. To determine whether AP-1 family members exhibit a similar regulation, we measured mRNA levels for these genes in empty and gravid horns of unilaterally pregnant rats. Northern analysis indicated a dramatic induction of c-fos, fosB, fra-1, and fra-2 in the gravid horn compared with the empty horn on Day 23 during labor (Fig. 7) . Examination of jun family mRNA revealed no difference between the empty and gravid horns for c-jun and junD on all gestational days examined (Fig. 8) . However, junB showed a dramatic induction in the gravid horn compared with the empty horn on Day 23L (Fig. 8) .
DISCUSSION
We have proposed that the initiation of labor requires an integration of both hormonal and mechanical signals. The events involved in transducing these signals to the changes in gene expression observed during labor have not been fully characterized. Previous experiments have suggested a role for c-jun and c-fos in response to both mechanical and hormonal signals and in the induction of Cx43 gene expression [5, 25] . In this report, we show that, in addition to c-jun and c-fos, other members of the AP-1 transcription factor family are expressed in the pregnant myometrium and are subject to regulation by hormonal and mechanical signals. These data support an important role for multiple members of the AP-1 family in the regulation of myometrial gene expression and the onset of labor.
The gestational expression profiles for c-fos, fosB, and fra-1 were similar, with significantly higher mRNA levels detected only during labor. This dramatic increase in the myometrial expression of fos family genes during labor likely leads to greater activation of AP-1 containing genes because Fos/Jun heterodimers are more potent activators of AP-1 sites than Jun/Jun dimers [3, 27] . These transcription factors may therefore increase the expression of other genes that are required specifically at the time of labor, including the CAP genes Cx43 and OTR. While the present data demonstrate a correlation between the expression of AP-1 genes and the CAP genes Cx43 and OTR during labor, other evidence suggests these transcription factors are capable of regulating the expression of these genes in the myometrium. In nonpregnant studies, estrogen treatment caused a dramatic increase in the expression of Cx43, which was preceded by a peak in c-fos mRNA and was dependent on de novo protein synthesis [5] . Furthermore, cotransfection of c-Fos and c-Jun expression vectors into myometrial cells caused an increase in Cx43 promoter activity, which was dependent on the AP-1 site [28] .
In contrast, this study showed that fra-2 levels rose earlier on Day 21 and peaked during labor. This suggests a different role for the FRA-2 protein compared with other members of the Fos family. FRA-2 may increase the transcription of genes required in the preparation of the myometrium for labor. These include matrix and cellular remodeling genes, such as MMPs, TIMPs, and components of the basement membrane, all of which contain AP-1 binding sites in their promoter regions.
The mRNA levels of c-jun and junD remained relatively constant, while the mRNA levels of junB were dramatically increased during gestation. Although expression of c-jun and junD mRNA did not rise dramatically during labor, the presence of Jun proteins in the myometrium at the time of labor is likely important because Fos proteins are unable to form a functional dimer in the absence of a Jun family protein. Although Jun proteins are capable of forming functional homodimers, these are generally less activating than a Fos/Jun heterodimer and thus may not influence the expression of genes required for the onset of labor. The levels of junB increased significantly during labor, showing a similar profile to the Fos family. JunB, in contrast with other AP-1 proteins, is generally involved with antagonizing AP-1 sites and has been shown to inactivate both the c-jun and collagenase promoters, which contain AP-1 sites [29] . Furthermore, JunB has been shown to inhibit activation of AP-1 sites by c-Jun [29] . In the uterus, maximal induction of junB mRNA by estrogen was observed to mark a drop in the levels of the other jun family genes [19] . The presence of the inactivating JunB may contribute to the lack of a dramatic increase in the expression of other jun genes during labor.
Progesterone is the major hormone involved in the maintenance of pregnancy in the rat. Treatment of pregnant rats with progesterone prevents the onset of labor, while treatment with the progesterone receptor antagonist RU486 causes the onset of preterm labor. Here we have shown that many AP-1 family members are regulated by progesterone in the pregnant rat myometrium. The levels of c-fos, fra-1, fra-2, and junB were dramatically reduced by progesterone treatment and increased with RU486 treatment. Levels of fosB and c-jun were also reduced by progesterone, although less dramatically, while the levels of junD were unaffected. Similar regulation by progesterone during pregnancy has been observed for both Cx43 and OTR mRNA [5, 23] . These data provide further indirect evidence to support the modulation of Cx43 and OTR gene expression by AP-1 proteins.
In addition to hormonal regulation, mechanical stretch of the uterus imposed by the growing fetus has been shown to induce the expression of genes involved in the onset of labor. Increased expression of c-fos, fosB, fra-1, fra-2, and junB during labor only occurred in the gravid horn and not in the empty horn of unilaterally pregnant rats. This raises the intriguing possibility that AP-1 transcription factors may integrate the transduction of endocrine and mechanical signals during labor. The promoter region of the Cx43 and OTR genes contain conserved AP-1 sites. In the myometrium, Cx43 and OTR mRNA levels have been shown to increase in response to both mechanical and endocrine signals while FP mRNA was shown only to respond to endocrine signals in the pregnant myometrium [23, 24, 26] . The promoter region of the FP gene does not contain an AP-1 site, indicating that, while other factors, such as hormone receptors, may be involved in the hormonal responsiveness of several CAP genes, AP-1 proteins may be critical in the mechanical responsiveness of Cx43 and OTR during pregnancy.
In contrast with c-Fos and c-Jun, less is known about the cellular functions of the other AP-1 family members. Although all members of the AP-1 family can bind to the same consensus element, it has been shown that sequences flanking the AP-1 site influence the differential binding of various family members [4] . This may provide the ability for FRA-2/Jun complexes to act both at different gene promoters and earlier in gestation than the other members of the AP-1 family. Furthermore, AP-1 proteins have been shown to interact with other transcription factors including the CREB/ATF family, Maf proteins, and the estrogen and glucocorticoid receptors [30] [31] [32] [33] . These interactions at specific promoters would provide a higher degree of specificity for AP-1 proteins in the regulation of gene expression, allowing for differential regulation of several genes by the same family of transcription factors. This study suggests that AP-1 transcription factors may serve as central regulatory proteins during late pregnancy capable of inducing genes required for both myometrial growth and remodeling during late pregnancy and the expression of specific CAP genes during labor.
